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® A passive transformer which can be formed in 
an MMIC having a plurality of first-layer wirings 
formed on a substrate so that each of the first-layer 
wirings intersects a desired virtual line on the sub- 
strate; an insulating film for covering a substrate 
surface on which the first-layer wirings are formed; 
and a plurality of second-layer wirings formed on the 
insulating film so that each of the second-layer wir- 
ings intersects the virtual line and has opposite ends 
respectively connected to different ends of the first- 
layer wirings through contact holes. An inductor ele- 
ment having a spiral structure along the virtual line 
constitutes the first-layer wirings the contact holes 
and the second-layer wirings. The opposite ends of 
the inductor element are primary electrodes, and 
one end and a desired Intermediate point of the 
inductor element are secondary electrodes. Because 
the transformer has such a structure, a three-dimen- 
sional coil can be formed on the substrate so that 
the transformer can be formed in an MMIC. 
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BACKGROUND OF THE INVENTION 

The present invention relates to a transformer 
for performing impedance transformation or for per- 
forming separation of a ground circuit in a micro- s 
wave integrated circuit. The transformer includes 
an inductor element formed on a substrate which is 
used for blocking (shunting) or passing a high 
frequency signal or for constituting a filter in com- 
bination with a capacitance element and/or a resis- io 
tor element, for processing a high-frequency signal 
of from several hundreds MHz to several tens GHz. 

With rapid advances in the development of 
information network systems, satellite communica- 
tion system in a high frequency band are becom- 75 
Ing more popular. As a result, a high-frequency 
field-effect transistor, a Schottky barrier type field- 
effect transistor (MESFET) using a compound 
semiconductor such as a GaAs semiconductor or 
the like is being used more and more. Recently, in 20 
order to reduce the size and cost of the system for 
such communication and in order to improve sys- 
tem performance, a first-stage amplifier portion of a 
down converter for converting a high-frequency 
signal into a low-frequency signal has been devel- 25 
oped and fabricated into an integrated circuit 
(MMIC: monolithic microwave integrated circuit). 
The MMIC provides a communication device re- 
placing one constituted by a large number of sepa- 
rate elements. The use of such an MMIC reduces 30 
the number of parts, the mounting costs and im- 
proves reliability by reducing the number of con- 
nection points required by the circuit. Compared 
with prior devices using a large number of separate 
elements, reduction in cost can be easily achieved. 35 

Although it is required that a transformer for 
performing impedance transformation or performing 
separation of a ground circuit be provided in the 
form of a MMIC, in a conventional MMIC, an active 
element has been used to perform the transformer 40 
function. The use of these active elements such as 
an inductor element using a distributed constant 
line element and a spiral inductor, however, create 
problems. For example, when using the distributed 
constant line element such as a micro strip line, 45 
there is a tendency for the area of the strip line to 
become large. This tendency becomes significant 
in a MMIC for use at low frequencies. As the size 
of the MMIC chip becomes large, production yield 
becomes low and the number of chips which can 50 
be obtained from a semiconductor substrate be- 
comes relatively smaller, thus, increasing the cost 
per chip. In the case of a spiral inductor constituted 
by spirally shaping a line with a width of about 
2um - about 20um, it becomes impossible to form 55 
a transformer in view of the inductor structure. 
Accordingly, a transformer cannot be effectively 
achieved by using an active element. 


The pseudo transformer using an active ele- 
ment reduces the size of the MMIC but increases 
electric power consumption. Therefore, it is not 
always desirable to use an active element. 

SUMMARY OF THE INVENTION 

It is an object of the present invention to pro- 
vide a passive transformer which can be used in a 
conventional MMIC and which overcomes the prob- 
lems stated above. In accordance with the princi- 
ples of the present invention a transformer pro- 
vided with a plurality of first-layer wirings formed 
on a substrate so that each of the first-layer wirings 
intersects a desired virtual line on the substrate; an 
insulating film for covering a substrate surface on 
which the first-layer wirings are formed; and a 
plurality of second-layer wirings formed on the 
insulating film so that each of the second-layer 
wirings intersects the virtual line and has opposite 
ends respectively connected to different ends of 
the first-layer wirings through contact holes. An 
inductor element having a spiral structure along the 
virtual line is constituted by the first-layer wirings, 
the contact holes and the second-layer wirings. 
Opposite ends of the inductor element are made to 
be primary electrodes, and one end and a desired 
intermediate point of the inductor element are 
made to be secondary electrodes. Further, each of 
the second-layer wirings has one end connected to 
one of the first-layer wirings and the other end 
connected to the n-th (n being a natural number 
not smaller than 2) order first-layer wiring counted 
from the one first-layer wiring, whereby n combina- 
tions of inductor elements are constituted along 
one and the same virtual line by the first-layer 
wirings, the contact holes and the second-layer 
wirings. The opposite ends of one of the inductor 
elements are made to be primary electrodes and 
the opposite ends of other inductor elements are 
made to be secondary electrodes. 

It is a further object of the invention to provide 
an inductor element for use in an MMIC which 
reduces the size of the MMIC, and which is easy to 
manufacture. 

In accordance with the present invention, a 
three-dimensional inductor element is constituted 
on a substrate by first-layer wirings, second-layer 
wirings and contact holes connecting the first-and 
second-layer wirings. The inductance value of the 
inductor element according to the present invention 
can be calculated in the same manner as an or- 
dinary solenoid. That is, the self inductance Li of a 
sufficient long solenoid having a sectional area Si , 
a length (length along the virtual line) U and the 
number of turns ni per unit length can be cal- 
culated as follows. 
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Li = Uoni2|iSi (1) 


Although this equation is an expression for 
calculating the self inductance of a solenoid of an 
air-core (with a specific permeability of Uo), the self 
inductance of a solenoid having a specific per- 
meability u can be calculated as follows. 

Li = Houni^iiSi (2) 

Because the inside of the solenoid according to 
the present invention cannot be perfectly filled with 
the magnetic substance, the self inductance thereof 
can be calculated as follows. 

Li = UoKm^liSi (3) 

where 1<K<u 

Since a three-dimensional inductor element 
(coil) is formed on a semiconductor substrate, a 
transformer can be formed in the same manner as 
a transformer formed as a separate part. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a sectional view of a transformer as an 
embodiment of the present invention; 
Fig. 2 is a plan view of a transformer as an 
embodiment of the present Invention; 
Fig. 3 is a perspective of a transformer as an 
embodiment of the present invention; 
Fig. 4 is a sectional view of a transformer as a 
second embodiment of the present invention. 
Fig. 5 is a plan view of a transformer as a 
second embodiment of the present invention; 
Fig. 6 is a perspective view of a transformer as 
a second embodiment of the present invention; 
Fig. 7 is a schematic plan view of a transformer 
as a third embodiment of the present invention; 
Fig. 8 is a schematic plan view of a transformer 
wired to form an impedance transformer as a 
fourth embodiment of the present invention; 

DETAILED DESCRIPTION OF THE INVENTION 

As shown in Figs. 1-3, a plurality of first wirings 
2 each having a rectangular shape which Is, for 
example, 2um wide and 50um long, are arranged 
along a desired virtual line 6 on a semi-insulating 
semiconductor substrate 1 so that the first wirings 
2 intersect the virtual line 6. A metal such as Ti/Au 
or the like is used for the first-layer wirings 2 and 
the thickness thereof Is O.Sum - 1um. 

Then, an Inter-layer insulating film 3 ordinarily 
having a thickness of several thousands angstroms 
is formed of SisN^. SION or the like. Thereafter, 
through-hotes are formed by etching by removing 


portions corresponding to contact holes 5 from the 
inter-layer insulating film 3. 

Next, a photoresist is applied to be as thick as 
possible, provided that exposure and development 

6 can occur. If the type of photoresist and condition 
for applying the photoresist are suitably selected, 
the photoresist can be applied to a thickness of 
about 20um. The photoresist is then removed at 
the portions corresponding to the contact holes 5 

10 by exposure and development, so that second- 
layer wirings 4, which will be formed later, can be 
electrically connected to the first-layer wirings 2. 
After the completion of the patterning, the shape at 
the upper end portions of the photoresist is made 

76 round by baking at a temperature of about 140'C. 
The baking is to make the throwing power good in 
forming the conductors of the second-layer wirings 
4. Next, a metal such as Ti/Au or the like is formed 
by evaporating deposition or sputtering and then 

20 Au is deposited thereon by plating, thereby forming 
the second-layer wirings 4. The thickness of the 
second-layer wirings 4 is ordinarily selected to be 
2um - Sum. 

After the second-layer wirings 4 have been 

25 formed as described above, the photoresist is re- 
moved so that a hollow air bridge 13 is formed 
between the first-layer wirings 2 and the second- 
layer wirings 4. However, the inter-layer insulating 
film 3 is left as is on the first-layer wirings 2. 

30 Through the aforementioned steps, an inductor 
element 10 is formed having a spiral structure 
constituted by the first-layer wirings 2, the second- 
layer wirings 4 and the contact holes 5. 

Such an inductor element 10 may be formed 

35 even without application of the air bridge technique 
in the final step. For example, the Inter-layer In- 
sulating film 3 may be formed to be thicker and 
then the second-layer wirings 4 may be formed 
directly thereon. The use of the air bridge tech- 

40 nique is, however, advantageous for the following 
reasons. Because the inductance value increases 
as the sectional area Si increases, the area oc- 
cupied by the inductor element as required for 
obtaining the same inductance value, becomes 

45 smaller, which is apparent from expression (1). 
Accordingly, size reduction of the MMIC can be 
achieved by using the air bridge structure to in- 
crease the sectional area Si. Further, the distrib- 
uted capacity becomes smaller not only by In- 

50 creasing the distance between the first-layer wir- 
ings 2 and the second-layer wirings 4, but by 
removing the photoresist as an Insulating sub- 
stance. Accordingly, the self resonance frequency, 
i.e., the maximum limit frequency allowing this ele- 

55 ment to use as an Inductor element, becomes 
larger. 

An example of calculation of the Inductance 
value of the inductor element 10 in this embodi- 
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ment will be described hereunder. Although it is 
advantageous to select the width w of the windings 
to be smaller because the occupied area de- 
creases as the width w decreases, the resistance of 
the wirings becomes larger and, accordingly, Q of 
the inductance becomes smaller. Accordingly, the 
width must be determined on the basis of the value 
of Q allowable in accordance with the frequency, 
inductance or the like to be used, and the resis- 
tance of the wirings. It is now assumed that the 
width is 10um. Although it is advantageous to 
select the height h of the air bridge to be larger, it 
is apparent from~the point of view of supporting 
strength that the length d of the air bridge in the 
horizontal direction mustT)e reduced as the height 
h Increases. Therefore, the height h Is determined 
to an optimum value taking the sectional area and 
the occupied area into consideration. It is now 
assumed that the height h of the air bridge and the 
length d of the same are 20um and 120um, re- 
spectively. These are values which can be obtained 
in practical use. In the case where the width w of 
the wirings is lOum, the pitch p between adjacient 
wirings can approach about 12jim. If the pitch is 
made to sufficiently approach the above-mentioned 
value, the distributed capacity becomes larger and, 
accordingly, the self resonance frequency becomes 
smaller. Accordingly, the pitch p between adjacent 
wirings Is determined on the~ basis of the self 
resonance frequency which is allowed. 

Next, it is assumed that the pitch p Is ISixm. 
Here, the inductance value can be calculated pro- 
portionally to the number of turns according to the 
aforementioned expression (1). When, for example, 
the number of turns Is 40 though only five turns are 
shown In the drawings for the simplification of 
description, the inductance value is calculated as 
follows. 


Mo 


1. 2566X10-" 

n, 


40/1, = 6.67X10* 

1. 


40x15x10-* = 6X10-* 

s, 

ss 

20xl0-*xl00xi0-' = 2X10 



M.in,'l,S, 



6.71KxlO-'H 



6.71nH 


In the aforementioned expressions, the sec- 
tional Is assumed to be a rectangle and the thick- 
ness of the inter-layer insulating film is neglected. 

According to the Autumn National Meeting C- 


56, 1990, of the Institute of Electronics, Information 
and Communication Engineers of Japan, the induc- 
tance value becomes 4.8nH when a plane-type 
spiral inductor is formed with an area of 

5 300ixmx300um. 

In the aforementioned example of calculation, 
the inductance value is 6.71 nH when the inductor is 
formed with an occupied area of 600umx120um. 
Accordingly, the inductance per unit area of the 

10 flat-type spiral inductor is O.OSSpH/ixm^ whereas 
the Inductance per unit area of the inductor accord- 
ing to the invention is 0.093pH/um2. which is 1 .75 
times greater. Further, the inductor according to 
the invention has a long and narrow structure, so 

75 that the longitudinal direction (the direction of the 
virtual line 6 can be bent if necessary. Accordingly, 
the inductor of the transformer of the invention has 
an advantage in that the degree of freedom on 
layout design is too large to form a dead space in 

20 the MMIC, compared with the conventional spiral 
inductor. 

The inductor element 10 thus produced is 
three-dimensional so that it can be dealt with in the 
same manner as an ordinary coil. Accordingly, 

25 when terminals 7, 8 and 9 extend from the opposite 
ends of the Inductor element and a predetermined 
intermediate point thereof, a transformer 12 is pro- 
vided using the terminals 7 and 9 as primary 
electrodes and the terminals 8 and 9 as secondary 

30 electrodes. 

A second embodiment of the present Invention 
is shown in Figs. 4 through 6. The second embodi- 
ment is different from the first embodiment in that 
a belt-like magnetic substance 20 is provided in the 

35 spiral structure. 

The first-layer wirings 2 and the inter-layer 
insulating film 3 are formed In the same manner as 
in the first embodiment. Then, a magnetic material 
such as Fe. Ni, Co, ferrite or the like is deposited 

40 on the Inter-layer insulating film 3 by sputtering or 
the like and then a magnetic core 20 is formed so 
as to have a belt-like shape. The steps thereafter is 
substantially the same as in the first embodiment. 
In the second embodiment, the expression (3) 

45 is used to calculate the inductance value of the 
inductor element. When the width w of the win- 
dings, the height h of the air bridge.lhe horizontal 
length d of the air bridge, the pitch p between 
adjacenT wirings and the number of turiis are re- 

50 spectively equal to those in the first embodiment, 
the inductance L, is calculated as follows. 

L, = MoKn,'l,S. 
55 6.71KxlO-'(H) 

= 6.71K(nH) ... (4) 
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Because K is larger than 1 , a larger value can be 
obtained compared with the first embodinnent hav- 
ing no magnetic substance (magnetic core) 20. In 
other words, this embodiment provides a size ad- 
vantage. 

Fig. 7 shows a further embodiment in which 
the opposite ends of each of the second-layer 
wirings 4 are connected to the first-layer wirings 2 
at intervals of one first-layer wiring. Accordingly, 
two combinations of inductor elements are formed 
coaxially so as to overlap each other coaxially. As 
a result, a transformer can be formed by using the 
opposite ends (terminals 70 and 71) of one induc- 
tor element as primary electrodes and the opposite 
ends (terminals 72 and 73) of the other inductor 
element as secondary electrodes. When the num- 
ber of first-layer wirings 2 skipped by each of the 
second-layer wirings 4 is increased in the same 
manner as described above, three or more com- 
binations of inductor elements can be formed so as 
to overlap each other coaxially. 

The transformer according to the invention is a 
transmission-line transformer which theoretically 
has a wide frequency band. Accordingly, when 
triple-spiral structure inductor elements are con- 
nected by wirings 81 to 84 as shown In Fig. 8, it is 
possible to provide a 1 :9 impedance transformer. 

As described above, according to the present 
invention, a passive transformer which has pre- 
viously not been provided in the conventional 
MMIC can be formed as an integrated circuit. The 
transformer includes an inductor element having a 
long and narrow structure so that it can be bent 
suitably on the substrate. Accordingly, the inductor 


second-layer wirings intersects said virtual line 
and has opposite ends respectively connected 
to different ends of said first-layer wirings 
through contact holes; wherein 

5 an inductor element having a spiral struc- 

ture along said virtual line being formed by 
said first-layer wirings, said contact holes and 
said second-layer wirings, opposite ends of 
said inductor element being primary elec- 

70 trodes, and one of said opposite ends and a 

desired intermediate point of said inductor ele- 
ment being secondary electrodes. 

2. A transformer according to claim 1, wherein 
75 said second-layer wirings have an air bridge 

structure. 

3. A transformer according to claim 1 , wherein a 
magnetic substance is provided between said 

20 insulating film and said second-layer wirings 

disposed along said virtual line. 

4. A transformer according to claim 1, wherein 
the thickness of said first-layer is at least 

25 O.Sum but not more than 1ixm and the thick- 

ness of said second-layer is between 2um - 
3um. 

5. A transformer according to claim 1, wherein 
30 said first-layer and said second-layer are each 

composed of Ti/Au. 

6. A transformer comprising: 
a plurality of first-layer wirings formed on a 

substrate so that each of said first-layer wirings 
Intersects a desired virtual line on said sub- 
strate; 

an insulating film for covering a substrate 
surface on which said first-layer wirings are 
formed; and 

a plurality of second-layer wirings formed 
on said insulating film so that each of said 
second-layer wirings intersects said virtual line 
and has opposite ends respectively connected 
to different ends of said first-layer wirings 
through contact holes; 

said second-layer wirings having one end 
connected to one of said first-layer wirings and 
the other end connected to the n-th (n being a 
natural number not smaller than" 2) oTder first- 
layer wiring counted from said one first-layer 
wiring, whereby n combinations of inductor 
elements are constituted along one and the 
same virtual tine by said first-layer wirings, 
said contact holes and said second-layer wir- 
ings. 

opposite ends of one inductor element be- 
ing primary electrodes and the opposite ends 


element improves the degree of freedom on layout 35 
design, as compared with the conventional plane- 
type spiral inductor. 

While the present invention has been de- 
scribed in connection with what is presently consid- 
ered to be the most practical and preferred em- 40 
bodiments, it is understood that the invention is not 
limited to the disclosed embodiments, but, on the 
contrary, is intended to cover various modifications 
and equivalent arrangements included within the 
spirit and scope of the appended claims. 45 

Claims 

1. A transformer comprising: 

a plurality of first-layer wirings formed on a 50 
substrate so that each of said first-layer wirings 
intersects a desired virtual line on said sub- 
strate: 

an insulating film for covering a substrate 
surface on which said first-layer wirings are 55 
formed; and 

a plurality of second-layer wirings formed 
on said insulating film so that each of said 
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of another inductor element being secondary 
electrodes. 

7. A transformer according to claim 6. wherein 
said second-layer wirings have an air bridge 
structure. 

8. A transformer according to claim 6, wherein a 
magnetic substance is provided between said 
insulating film and said second-layer wirings so 
as to be disposed along said virtual line. 

9. An inductor element comprising: 

a plurality of first-layer wirings formed on a 
substrate so that each of said first-layer wirings 
intersects a desired virtual line on said sub- 
strate; 

an insulating film for covering a substrate 
surface on which said first-layer wirings are 
formed; and 

a plurality of second-layer wirings formed 
on said insulating film so that each of said 
second-layer wirings intersects said virtual line 
and has opposite ends respectively connected 
to different ends of said first-layer wirings 
through contact holes; 

whereby a spiral structure along said vir- 
tual line is constituted by said first-layer wir- 
ings, said contact holes and said second-layer 
wirings. 

10. An inductor element according to claim 9, 
wherein said second-layer wirings have an air 
bridge structure. 

11. An Inductor element according to claim 9. 
wherein a magnetic substance is provided be- 
tween said insulating film and said second- 
layer wirings disposed along said virtual line. 

12. An inductor element according to claim 9, 
wherein the thickness of the first-layer is at 
least 0.5um but not more than lM.m and the 
thickness of said second-layer is between 2M.m 
- 3um. 


wirings are formed; 

forming holes through said insulating film 
which correspond to contact points; 

applying a photoresist at least over said 
6 holes; 

removing the photoresist by exposure and 
development at points corresponding to the 
contact points; 

forming a plurality of second-layer wiring 
10 on said insulating film so that each of said 

second layer wirings intersects said virtual line 
and has opposite ends respectively connected 
to different ends of said first-layer wirings at 
said contact points; and 
75 forming primary and secondary electrodes 

at predetermined points. 

15. A method of manufacturing an inductor com- 
prising the steps of: 
20 arranging a plurality of first wirings along a 

desired virtual line on a semiconductor sub- 
strate so that said first wirings Intersect with 
said virtual line; 

forming an inter-layer insulating film which 
25 covers a substrate surface on which said first 
wirings are formed; 

forming holes through said insulating film 
which correspond to contact points; 

applying a photoresist over said holes; 
30 removing the photoresist by exposure and 

development at points corresponding to the 
contact points; and 

forming a plurality of second-layer wiring 
on said insulating film so that each of said 
35 second layer wirings intersects said virtual line 
and has opposite ends respectively connected 
to different ends of said first-layer wirings at 
said contact points. 

40 


45 


13. An inductor element according to claim 9, 
wherein said first-layer and said second-layer 
are each composed of Ti/Au. 

50 

14. A method of manufacturing a transformer com- 
prising the steps of: 

arranging a plurality of first wirings along a 
desired virtual line on a semiconductor sub- 
strate so that said first wirings intersect with 55 
said virtual line; 

forming an inter-layer insulating film which 
covers a substrate surface on which said first 
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